To investigate the stress distribution in a maxillary canine restored with each of four different post systems at different levels of alveolar bone loss. Two-dimensional finite element analysis (FEA) was performed by modeling a severely damaged canine with four different post systems: CAD/CAM zirconia, CAD/CAM glass fiber, cast titanium, and cast gold. A force of 100 N was applied to the crown, and the von Mises stresses were obtained. FEA revealed that the CAD/CAM zirconia post system produced the lowest maximum von Mises stress in the dentin layer at 115.8 MPa, while the CAD/CAM glass fiber post produced the highest stress in the dentin at 518.2 MPa. For a severely damaged anterior tooth, a zirconia post system is the best choice while a cast gold post ranks second. The CAD/CAM glass fiber post is least recommended in terms of stress level in the dentin.
Introduction
With increasing demand for tooth retention, fixed prostheses have faced great challenges in the case of teeth that have been damaged by caries [1] , fracture [2] , excessive preparation, or idiopathic reasons. Several factors that influence the strength of endodontically treated teeth have been previously discussed [3] .
The loss of alveolar bone around the root greatly influences tooth strength [4] . An in vitro study [5] showed that loss of alveolar bone mass is a major reason for the failure of restoration of the post and core. Some studies [6] also found that teeth treated endodontically had more bone loss than untreated ones in periodontitis patients. Besides alveolar bone levels, the general condition of teeth is another important factor in their strength. Excessive preparation of the root canal may reduce the strength of the root dentin walls, which significantly decreases their fracture resistance [7] . When the coronal tooth structure has been reduced to less than half, posts are needed to restore the strength [8] .
The survival of the restoration of severely damaged teeth depends on the design of the posts [9] . Some studies [10, 11] suggest that the supporting dowels (or posts) should have elastic moduli close to that of the natural tooth, which reduces the stress concentration and thus the rate of failure. As shown in Table 1 , the elastic modulus of glass fiber (20 GPa) is very close to that of dentin (18.6 GPa). However, the diameters of fiber posts cannot be completely filled with the prepared space. Moreover, there is a weak interface due to the separated composite resin core [12] . Toksavul, et al. [13] stated that zirconia post systems produced slightly lower stress concentrations in dentin than glass fiber and titanium posts.
The purpose of our study was to use the finite element method (FEM) to investigate the stress distribution of severely damaged maxillary anterior canines with different levels of alveolar bone loss, restored with four different post systems.
Materials and methods
The two-dimensional FEM structural analysis program, ABAQUS 6.6, (SIMULIA, Providence, RI, USA) was used in our study. The sample tooth was obtained from the Department of Anatomy of Southern Medical University (Guangzhou, China), and was selected in compliance with the standard criteria for an average Chinese human tooth.
Finite element model
Forty-eight models were constructed based on the measurements of the labiolingual cross-sectional anatomy of the sample. The models varied in their alveolar bone level, cervical dentin wall thickness, and post materials. According to clinical standards, all numerical models were designed to represent an endodontically treated maxillary canine restored with a post and a lithia disilicate-based glass ceramic crown. Certain modifications were made to maintain geometric symmetry and avoid sharp corners. The root canal space was prepared with four different thicknesses of dentin walls: 1.0 mm, 1.5 mm, 2.0 mm, and 2.5 mm (Figure 1 ). Four different systems of posts and cores were considered in this study, including computer-aided designed/computer-aided manufactured (CAD/CAM) zirconia, CAD/CAM glass fiber, cast titanium, and cast gold. The CAD/CAM or cast posts were customized for the root canal. Moreover, alveolar bone levels were simulated as horizontal bone loss of a. ѿ bone level, b. ½ bone level, c. Ҁ bone level, and d. no bone loss (Figure 2 ). For simplification purposes, alveolar bone loss levels were simulated as boundary constraints.
Stress analysis using FEA
Mesh convergence testing was employed in our study, and the average diameter in ideal element size was 0.2 mm. The model was meshed with 3 degrees of freedom per node, resulting in 6296 elements and 3267 nodes. The elastic properties of the materials [14] are shown in Table 1 . A force of 100 N was applied 3 mm below the incisal edge of the crown at a 45° angle [15] . The maximum von Mises stresses were calculated under different conditions and in different regions.
Results
The maximum stress values are shown in Figures 3-6. Table 2 and Figure 6 present the maximum equivalent stresses in the dentin, post, and crown for different conditions. In Figure 3 , there was stress concentration between the post and the root dentin in the CAD/CAM zirconia model, and significant differences were observed among the four dentin thickness conditions. The group with 1.5 mm thickness showed the highest maximum Mises stress of 271.0 MPa in dentin; however, the stress of this group at the post/root interface was slightly lower than that in the other three groups. Table 2 Maximum von Mises stress values in different regions of gold and titanium posts with 1.5 mm dentin wall thickness (MPa) Gold (1.5 mm dentin thickness) Titanium (1.5 mm dentin thickness) dentin post crown dentin post crown As shown in Figure 4 , the stress distribution of the CAD/CAM glass fiber post system differed significantly depending on the bone level condition. At the bone level boundary condition with ѿ bone level of the tooth, and with a dentin thickness of 1.5 mm, the CAD/CAM glass fiber post system displayed the highest maximum von Mises stress of 486.2 MPa in the dentin layer. The same post system with a bone level of Ҁ showed the lowest maximum von Mises stress of 173.8 MPa in the dentin. The major stresses of the post systems were located at the cervix of the boundary constraint regions and force application areas for all models.
In terms of comparing the four different post and core materials, Figure 5 shows the differences among the four groups. The maximum von Mises stress in the glass fiber post was significantly larger than in the zirconia, and the stress concentration was primarily located in regions where the force was
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applied and the boundary constraint areas. There was no significant difference in stress distributions between the cast titanium and cast gold posts in either the post-and-core restoration or in the root dentin.
Discussion
From the FEA, the post and core material, dentin wall thickness, and alveolar bone levels all have significant effects on the von Mises stress concentrations.
Alveolar bone level
In this study, the CAD/CAM glass fiber post displayed a maximum von Mises stress of 486.2 MPa in the dentin with ѿ bone level. The maximum von Mises stress increased when the alveolar bone level decreased. When keeping bone loss levels and dentin wall thickness constant, the maximum von Mises stress of the zirconia post in the dentin was lower than for other materials. With a bone level of ѿ, the FEA-determined maximum stress values exceeded the yield stress limit of dentin (245 MPa [12] ) for all of the post materials; this might easily lead to root fracture. In comparison to an intact tooth, teeth restored with a post and core system are reduced in strength by 21-25% [16] . Loss of ¼ or ½ of the alveolar bone significantly reduces a tooth's loadability. However, the effect of the periodontal ligament (PDL), which can transmit occlusal force, was not considered in this study because of limitations of the laboratory conditions. More effective models of the maxillary canine accounting for fine alveolar tissue and the PDL must be created for future investigations.
Dentin wall thickness
Four thicknesses of dentin walls were evaluated in this study; the difference of stress values in the dentin between the four dentin thickness groups was found to be insignificant. As shown in Figure 3 , the maximum stress was observed at the thickness of 1.5 mm, while the minimum was at 2.5 mm thickness. The reduction of the thickness of the dentin wall may increase the possibility of fracture in the root [17] . Clinical experience has shown that tooth fracture can easily occur after several years, due to fatigue failure. This study showed that glass fiber posts generated the highest von Mises stress in the dentin wall. The shape of the root canals also influences the stress distribution within the structure of a restoration. As a result, the strength of a tooth has a close relationship to the thickness of dentin tissue around the post.
Post and core materials
According to the FEA, the zirconia post produced low von Mises stress in the dentin, but high stresses were observed in the post and the root dentin. The modulus of zirconia is higher than that of the hard tissue of the tooth, hence the stiffer post absorbed most of the load. Since the force was transmitted apically, the stress was easily accumulated in the root, leading to stress concentration [18] . The FEA indicated that the fiber post was not suitable for the failure of a restoration, especially in severely damaged teeth [19] . However, some previous studies [20] found no significant differences between gold alloy-based posts and glass fiber posts, while Beck [21] and Bittner [22] stated that there was no difference in the fracture load capability between prefabricated glass fiber posts and copy-milled zirconia posts.
Conclusion
By using the FEA method, parameters can be adjusted easily, simulations can be performed without the need for human material, and maximum standardization is possible. These FEA models are only approximations to the actual physical properties of biological structures (such as bone, tooth, and soft tissues), because the materials in the models are assumed to be homogeneous with a linear response to stress. However, in a real patient, the response to stress is more complex. The FEA used in this study is a necessary step toward later laboratory tests. Clinical studies are also necessary to acquire the longevity and success rates of post systems.
